In vivo decay rates for the individual T7 early mRNA species were determined. The physical half-lives, measured at 37 C, range from 1.1 min for gene 0.7 RNA to 4.5 min for gene 0.3 RNA. Physical half-lives, as observed after rifampin inhibition of RNA synthesis and polyacrylamide electrophoresis of RNAs, are approximately 30% longer than functional half-lives, as observed by "4C-labeled amino acid uptake into individual T7 early proteins. The different RNA species are synthesized at grossly different rates, 0.3 RNA at four times the rate of 1.0 RNA, 0.7 RNA at twice the rate, and 1.1 and 1.3 RNAs at about the same or a slightly lower rate than 1.0 RNA. Rho-factor-mediated termination of transcription behind genes 0.3, 0.7, and perhaps behind 1.0 is inferred from these data. The in vivo translational utilization of the individual T7 early-message species was found to vary by not more than a factor of 2.
The early region of bacteriophage T7 provides a unique system for studying determinants in gene expression. The map positions of the five early genes are known (see Fig. 6 ), the early proteins have been resolved and identified on polyacrylamide gels, and the early mRNA species can be isolated relatively free of contaminating host cell mRNA and resolved on polyacrylamide gels (44, (47) (48) (49) . Thus, the expression of the T7 early genes can be readily monitored on both the transcriptional and translational levels.
The modes of in vitro and in vivo transcription of the T7 early genes have been extensively studied. Transcription is initiated at three closely spaced initiation sites at the left end of the genome (8, 12, 20, 48, 52) and terminated behind gene 1.3. Thus, the major in vitro transcripts have molecular weights of about 2.2 x 106, and each transcript contains the information for all five early genes (10, 13, 26, 29, 31) . In vivo, these primary transcripts are cleaved by RNase III to produce the initiation fragments and the mature mRNA's for the genes 0.3, 0.7, 1.0, 1.1, and 1.3 (14, 31) . Cleavage by RNase III appears to occur at specific sites (37) in hydrogen-bonded, looped regions of the mRNA (36) . Factors controlling the in vitro and in vivo translational utilization of the T7 early mRNA have been extensively studied (17, 18, 20, 41) .
We are focusing our attention on the in vivo expression of the T7 early genes to define transcriptional and post-transcriptional determinants of gene expression. Specifically, we wish to make the following observations and correlations: (i) to study the kinetics and mechanics of the functional and physical inactivation of the five T7 early mRNA species; (ii) to resolve some of the apparent discrepancies in the predicted (44) and observed (30, 51) in vivo molar ratios of the T7 early mRNA's; (iii) to determine the in vivo translational rates, the in vitro ribosome affinities, and the base sequences of the ribosome-binding sites of the individual T7 early mRNA species; (iv) to reinvestigate the question of translational utilization of the T7 pre-mRNA (2.2 x 10-dalton species). We have shown previously that RNase III cleavage is required for efficient translation (17) of T7 early mRNA.
In this article, we limit our presentation to observations regarding the kinetics of T7 early mRNA synthesis and breakdown, and the rates of T7 early protein synthesis in T7 am342 (gene 1-)-infected Escherichia coli B8 -. Then we correlate these data to determine the relative translational yields for each T7 early mRNA species at various times after infection.
For some time, the mature T7 mRNA species were considered to be stable (28, 50) . Thus, the molar ratios of the T7 early mRNA species 642 
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643 would be expected to approach 1 after several rounds of transcription, given that the early genes were transcribed as one unit and assuming that no termination occurred between genes. Nonequimolar ratios of the early mRNA's were assumed to indicate the presence of additional transcriptional initiation sites within the early region (30) . However, Schleicher and Bautz (40) and Yamada et al. (54) have demonstrated that the T7 early mRNA's are functionally and physically unstable. Therefore, different molar ratios of mRNA could be due to different mRNA delay rates.
We show here that T7 early mRNA's have characteristic and different half-lives and that these may be determined in part by mRNA length. The non-equimolar presence of gene 1.0 and 1.3 mRNA's (1.3 in excess over 1.0) is a consequence of their different rates of breakdown and not due to a higher rate of synthesis of the gene 1.3 mRNA. The overabundance of 0.3 and 0.7 messages cannot be explained in these terms alone. We therefore postulate the in vivo utilization of non-obligatory terminators for Escherichia coli RNA polymerase behind genes 0.3 and 0.7. This postulate is in agreement with our observations made with the T7 deletion mutant H1, which is missing the DNA sequence between genes 0.3 and 0.7 (44) . Rho-factor-mediated termination behind genes 0.3, 0.7, and 1.0 has been shown to occur in vitro by Darlix (10) . From a comparison of the relative molar amounts of mRNA and the rates of genespecific T7 early protein synthesis, we establish an in vivo translational utilization factor for each mRNA species. We find that T7 early messages are translated with similar efficiencies (with a factor of 2) after infection with gene 1-deficient T7 bacteriophage.
MATERIALS AND METHODS
Bacteriophage and bacteria. T7 am342, T7 H1, and T7 H3 (48) 3 .0 g; Na2HPO4.12 H20, 15 g; NH4C1, 1.0 g; water, 1,000 ml; glucose, 0.4%; MgSO4, 10-3 M; pH 6.9) (2) was used for growth and infection of bacteria. When 011' was used, thymidine (10 sg/ml) was added. Purified phage were stored in phage buffer (1 M NaCl, 0.1 mM MgSO4, 0.25 mM EDTA, 0.01 M Tris-chloride, pH 7.6).
Growth and infection of bacteria. E. coli B.., was grown in M9 at 37 C to a density of about 5 x 106/ml, and portions (10 to 20 ml) were irradiated (wavelength, 254 nm; incident dose, 2,600 ergs/mm2; dose rate, about 14 ergs/mm2 per s) on a watch glass (15-cm diameter) with rapid stirring. Cells were incubated an additional 30 min at 37 C and then infected at a multiplicity of infection of 10 to 15 14 Ci/mmol) was added at 3 min before infection and rifampin (100 ug/ml) was added at 3.5 min after infection. At the times indicated in the figure, 1-ml samples were withdrawn, lysed, and processed for gel electrophoresis as described in the text. Each panel in the figure represents the 'H and 14C radioactivity profiles of the samples after electrophoresis on polyacrylamide gels. Gel fractions are numbered from top to bottom. Symbols: A, 14C radioactivity; 0, 'H radioactivity. The positions of the T7 mRNA species are indicated by gene number in the top left panel. The "IC radioactivity is mainly in 23 and 16S ribosomal RNA. on October 18, 2017 by guest http://jvi.asm.org/ mRNA species decreases with increasing time after rifampin addition. The 0.3 and 1.1 RNA's comigrate on the gels; however, due to preferential transcription (see below), the 0.3 species constitutes 70 to 80% of the RNA in this peak. When the amounts 3H label present in these peaks are converted to relative molar amounts of RNA and these are plotted as a function of time after infection (Fig. 2) half-life of the 1.1 RNA is very similar to that of 0.3 (see below), decay curves for the composite (0.3 plus 1.1) peak are not biphasic.
In quantitating the amount of radioactivity in a given RNA species, we subtract backgrounds of comigrating, non-species-specific RNA at the position of every peak. The levels for these backgrounds are determined by the amount of material migrating in between peaks. We assume this material to be intermediates in breakdown of T7 mRNA. The background correction frequently amounts to only 10 to 20% of the peak area, and the assigned background levels are in all likelihood valid since the resulting decay kinetics are exponential.
Half-lives for the individual mRNA species, determined in experiments similar to the one displayed in Fig. 1 and 2 , are presented in Table  1 . There was some variation from one experiment to another in the numerical values obtained for the half-lives; however, the relative rates of decay of the mRNA species remained fairly constant. On the average, the half-life for the gene 1.0 mRNA is 1.6 min; for 0.7, it is 1.1 min; for 1.3, it is 4.0; and the half-life for 0.3 plus 1.1 RNA's is 4.5 min. Decay rates for the gene 1.1 RNA alone were determined with T7 am342, H1, a deletion mutant that fuses parts of genes 0.3 and 0.7 and thus deletes the 0.3 message from the gel position of the 1.1 RNA (Fig. 3) . The average half-life of the gene 1.1 mRNA is 3.8 min. Since the 0.3 mRNA is synthesized in a fourfold excess over the 1.1 mRNA (see below) and since the half-life of the 1.1 mRNA alone is not too different from that of the 0.3 and 1.1 mRNA's combined, the half-life of the 0.3 mRNA alone must be very close to 4.5 min. The fused RNA synthesized by the am342,H1 mutant has a half-life of about 2.2 min, intermediate between those of genes 0.3 and 0.7.
To allow for an easier comparison between our results and those of others, we measured the stability of the T7 early mRNA's at 30 C in the presence and absence of chloramphenicol. We found that the mRNA's were unstable at 30 C in the presence and absence of chloramphenicol as well, although as expected, the half-lives, of the mRNA species were longer than at 37 C (see Fig.  4 and bottom of Table 1 ).
Intracellular relative molar concentrations of the T7 mRNA species. The relative molar concentrations of the T7 mRNA species can be estimated from the uptake of radioactive uracil into the mRNA's, provided that RNA precursor pool kinetics remain unchanged for the time of labeling. When this is realized, the amount of radioactivity incorporated into the T7 early Relative molar amounts of T7 early mRNA's are displayed in Table 2 .
In vivo rates of synthesis of the T7 early mRNA species. From the rates of decay and the relative molar concentrations of the T7 early mRNA species, we can calculate their relative rates of synthesis given the following considerations. In vivo transcription of T7 early mRNA by E. coli RNA polymerase is initiated exclusively at the left end of the T7 genome. Therefore, if no termination sites existed within the early region, the same number of molecules of each mRNA species should be completed per unit time, delayed only by a time period commensurate with the transcriptional distance from the promoter. Thus, assuming a constant rate of RNA chain initiation for the first few minutes after infection and given the decay rates of the individual T7 mRNA's, we can calculate their theoretical molar ratios at any time after infection. The change in molar amounts of a particular mRNA species with respect to time is given by dx/dt= a -bx (1) where x is the molar concentration of the mRNA species, a the constant rate of production, and b the constant rate of destruction. Expression 1 integrates to
The relative molar amounts of the mRNA's, calculated with this equation and plotted as a (Table 3) . Similar theoretical calculations have been made for the am342, H1 mutant (Fig. 7) . Again, a comparison of the theoretical values for the relative molar amounts of the mRNA species with the actual values obtained with this mutant (see line 11, mRNA (see Table 3 ). ' ) was added at a results obtained with the H1 deletion mutant. e culture at 5 min In this mutant, the terminator behind gene 0. 3 should be deleted and the resulting, fused 0.3 fragment (f) plus 0.7f should be overproduced t of synthesis of a only by the gene 0.7-specific factor of 2.0. This is n in Fig. 6 . An indeed observed (Fig. 7) . assigned to a for Steady-state molar ratios of T7 mRNA's. ude of a does not Assuming that the shutoff of T7 early mRNA tios), and b is the synthesis is effected by a T7-induced early cay rate for each function, we should be able to prevent the ye. These molar shutoff by administering chloramphenicol to those determined the T7-infected cultures. Steady-state levels for in Table 2 . We each mRNA species should be attainable then, tion initiation at and the ratios a/b should be given by the s in line with our plateau values approximated at times t > 2 t½ 5). The relative (t% is the half-life of the individual mRNA spe-'s that would be cies). These steady-state conditions can be apin after infection proximated experimentally as Fig. 8 shows. The cated in Fig. 6 by mRNA decay rates b used in these calculations relative molar are the same as the ones used above, since present at 5 min chloramphenicol, added before infection, does is added at 3.5 not affect the T7 mRNA decay rates (data not ble 2), are indi-shown). The synthetic-rate values calculated number (plotted from steady-state conditions agree well with the A comparison of values observed above under conditions of shuth the theoretical off of RNA synthesis (see Table 3 ). Fig. 10 . It is clear that in the absence of gene 0.7 product, the synthesis of the T7 early mRNA's is shut off; however, the shutoff is slower than in the presence of an active gene 0.7. The delayed shutoff is not an artifact of extended messenger half-lives in the 0.7 deletion mutant, as the inset in Fig. 10 shows.
It is conceivable that this termination of Fig. 13 . the figure by the A comparison of translational rates (Fig. 13 ) )lus 1.1) plotted and molar amounts of the individual mRNA physical map of species (Fig. 9) shows that, for the times when upper portion of the individual mRNA's reach their peak concentrations, they are translated with similar efficiencies (Table 4) . At later times after infecould be due to tion, the translational efficiencies are reduced ursor pools to for all mRNA species. Translation of 1.3 mRNA likely since it appears to be least affected by this reduction as cessation of (compare Fig. 9 and 13) . either than the We have chosen the peak RNA concentraled.
tions for these comparisons since at these times rly messages. imprecisions in timing of "4C-labeled amino es of T7 mes-acid pulses will have minimal influence on the ,ame, and the data. Furthermore, the effects of age distribuie rather long tion of individual mRNA species over the length changes of the of the "C-labeled amino acid pulses on the or minor trim-apparent translational efficiencies can be best Fig. 6 and 7 by comparing the observed molar ratios from Table 2 lines 8 and 11 with the theoretical molar ratios assuming a shutoff of transcription at 3.5 min after infection. b Synthetic rates are expressed relative to those of the gene 1.0 mRNA. c Calculated as in footnote a, except that the shutoff of transcription was assumed to occur at 2.5 min after infection. The time of the natural shutoff varies between 2.5 min (see Fig. 13 ) and 3.5 min (see Fig. 9 ) after infection. The relative rates of synthesis calculated for the 2.5-min shutoff are similar to those calculated for the 3.5-min shutoff except that the rates for gene 1.3 and 1.1 mRNA's are somewhat lower than for gene 1.0 RNA.
d Calculated with equation 2 and the relative molar amounts of the early mRNA's present at 3 min after infection in the experiment displayed in Fig. 9 .
e Calculated from the relative molar amounts of the early mRNA's present in the plateau regions of the curves displayed in Fig. 8 . Table 1 , line 9. The value assigned to a was 7.8. The gene numbers plotted with an abcissa value of 5 min represent the experimentally observed molar amounts of T7 early mRNA's produced after infection by T7 am342,H1 (from Table   2 , line 11); 0.7 stands for 0.3f-0.7f. approximated for these pulse periods. The directly observed translational yields (the ratio of moles of protein experimentally observed to moles RNA experimentally observed) were corrected by factors that take into account the average functional lifetime of the individual mRNA species during the 1-min i4C-labeled amino acid pulse (see Table 4 ). These correction factors are larger for short-lived mRNA species that experience fewer "rounds of translation" per molecule than the long-lived species. DISCUSSION Determinants in gene-specific mRNA halflives. Our experiments have shown that T7 early mRNA's have species-specific physical half-lives. These messages are degraded with an exponential time dependency, which shows that each mRNA molecule of a given gene species has an equal and constant chance of being attacked by a degrading nuclease. Furthermore, we find a rough inverse correlation between mRNA size and half-life. Thus, size appears to be one of the determinants in the rate of mRNA breakdown, which in itself might suggest endonucleolytic attack as the major mechanism for mRNA degradation. Beyond molecular Relative molar amounts of T7mRNA's as a function of time after infection. Experimental procedures were as described in the legends to Fig. 1 and 2 except that no rifampin was added.
length, other intrinsic factors must contribute to the rate of degradation of mRNA molecules. For instance, the gene 1.0 message is 1.64 times the size of gene 0.7 message, yet its half-life is longer (1.45 times) than that of 0.7 message. Thus, per unit length, 0.7 message is selected for degradation with 2.3 times the probability of gene 1.0 message. On a unit length basis, gene 0.3 message is attacked at only 70% the rate of 0.7 mRNA. When part of gene 0.3 mRNA, displaying the longest half-life of 4.5 min, is fused with part of gene 0.7 mRNA, displaying the shortest half-life of 1.1 min, an intermediate half-life of about 2.2 min is observed for the fused mRNA. This half-life appears to be determined by the length of the 0.3 contribution and its intrinsic decay rate (b = 0.25 cuts/103 nucleotides x min) and the length of the 0.7 contribution and its intrinsic decay rate (b = 0.36 cuts/10( nucleotides x min). The half-life for the fused mRNA calculated in this way is 2.85 min. Since the observed half-life is similar to the calculated half-life, the decay of this mRNA is neither dominated by the intrinsic properties of the 5' terminus (from gene 0.3) nor by those of the 3' terminus (from 0.7). We therefore conclude that the T7 early messages have determinants for half-lives built in and distributed over the whole molecule. From these facts we must conclude again that endonucleolytic attack is the primary mode of physical breakdown of the T7 early mRNA's.
LL:
Q3~-).43\ UV-irradiated E. coli B,., was infected at 37 C with T7 am342. Rifampin was added at 3.5 min after infection. Samples were withdrawn at various times thereafter and labeled with 14C-labeled amino acids and processed for gel electrophoresis as described in the text. The amount of 14C label incorporated into T7pro-teins during the 2-min pulse was determined by densitometry of autoradiograms of gels. Label incorporated was converted to relative molar amounts of proteins synthesized assuming that all proteins were labeled equally during the 2-min pulse and taking into account the differences in the protein molecular weights. The molecular weights used in these calculations were those determined by Studier (48) , i.e., 100,000 for the gene 1.0 protein, 41 ,000 for 0.7, 40,000 for 1.3, 9,000 for 0.3, and 8,000 for 1.1. Since the amber mutation in the T7 am342 phage is close to the end of gene 1.0, the protein fragment produced by this mutant is large (about 95,000 daltons) and is readily resolved on gels (see Fig. 12 ). The gene 0.3 and gene 1.1 proteins comigrate on our gels. Values are plotted at the midpoint of the pulse time.
Endonucleolytic degradation of T7 mRNA and the resultant accumulation of messenger fragments of up to a few hundred nucleotides in length may account for the initial failure to recognize T7 mRNA turnover by acid precipitation and hybridization methods (28, 50) as was pointed out by Yamada et al. (54) .
Apirion ( Fig. 12 was evaluated by densitometry as described in the legend to Fig. 11 terminus may well be realized with T7 RNA's (37) .
Endonucleolytic attack has been postulated in other systems as well. It appears to represent the major mode of degradation of X-late mRNA (16) and of the PL-promoted trp mRNA (55) . It has been suggested also that inactivation of the gal and lac operon messages of E. coli involves endonucleolytic attack at a limited number of "vulnerable sites" (1, 6) . These vulnerable sites are supposed to be preferentially located at the start of messages (6) .
RNA species-specific rates of messenger inactivation are not limited to the T7 phage system. We previously observed gene-specific differences in the T4 early mRNA inactivation (39) . In addition, we found that the recognition of a set of determinants for mRNA inactivation required the expression of a specific phage function controlled by the T4 gene regA (21, 39, 53) .
In vivo rates of gene-specific messenger synthesis. In vivo rates of gene-specific messenger production cannot be measured directly; however, they can be calculated from equation 2 above once the following four quantities have been determined: (i) the intracellular molar amounts of each T7 early mRNA species as a function of time after infection, (ii) the rates of breakdown of each messenger species, (iii) the onset of synthesis for each messenger species, and (iv) the shutoff (partial or complete) of RNA synthesis. Intracellular, relative molar amounts of the T7 early mRNA's have been determined (see Table 2 and Fig. 8 and 9 ). Decay rates for the individual mRNA species have been established (see Table 1 and Fig 2  through 4) . The onset of production can be determined from the promotor distance of the 3' termini of each gene-specific messenger, assuming a rate of RNA chain growth of 100 nucleotides/s and assuming instantaneous cleavage of the premessenger by RNase III, or it can be determined from kinetic data on messenger accumulation such as those displayed in Fig. 9 . Times of shutoff can be observed from kinetic data with equal facility (see Fig. 9 ). Thus, we are left with only one unknown, the rate a of gene-specific messenger production. To calculate this rate for each mRNA species we used the data of Fig. 2, 3 , and 9 in which RNA synthesis is shut off either by rifampin addition or by the T7-specific mechanism. The calculated rates, normalized to the rate of gene 1 messenger production, are approximately: aO.3 4 , ao.7 = 2, al, = 1; also, a1,. = 1 and a,,= 1.
Minkley (30) argued that the higher molar presence of gene 1.3 mRNA over the preceding 1.0 message must be due to an additional 13 and factored down by 10. eWe have visually superimposed the maxima of mRNA concentrations of Fig. 9 with the maxima of rates of protein synthesis of Fig. 13 . From this comparison it appears that the onset of T7 development was delayed by approximately 0.5 min in the experiment displayed in Fig. 9 . We adjusted for this delay, and the values for the rates of protein synthesis given in Table 4 correspond to the 2-, 3-, and 4-min values in Fig. 13 .
d Total number of mRNA molecules, Ntot.1, of a given species that become available for translation during t. Ntotal = N1=0 + a't, where N10 is the number of mRNA molecules at t = 0, and a' is the rate of mRNA production during t. N,-,0 is taken directly from Fig. 9 and a' is calculated from N1=1 = N,-, x e-b' + (a'/b) x (1 -e -'), or a' = (Nt=1 -Nto x e-bt) x b/(1 -e-5), where N, -1 is the observed relative molar amount of a given mRNA at t = 1, and b is the rate of decay of this mRNA species expressed as lit,7 (t., is the time required for a decay to 37%). termination site should be deleted in T7 H1 (see Fig. 3 ), and the fused message (0.3f-0.7f) should be overproduced by the 0.7 factor of 2 only. This prediction is fulfilled, as the data in Fig. 7 and Table 2 show. Second, in the RNase III-deficient hosts (4, 24) we should observe transcripts other than the 2.2 x 101-dalton species. We indeed observe RNA's that are VOL. 17, 1976 on October 18, 2017 by guest http://jvi.asm.org/ Downloaded from 656 HERCULES, JOVANOVICH, AND SAUERBIER about one-half and one-third this size (data not shown); however, they could be breakdown intermediates of the 2.2 x 106-dalton species as well. If they were shorter primary transcripts, they should contain messages for genes 0.3 and 0.7 only. This latter aspect has not been tested yet.
Terminations behind genes 0.3 and 0.7 are not observed in vitro with purified RNA polymerase (10, 11, 26, 29) . However, when p factor is present, specific termination behind genes 0.3 and 0.7 occurs (10, 11) . With high concentrations of p and under optimal ionic conditions, 50% of the polymerase molecules terminate behind gene 0.3 and an additional 33% terminate behind gene 0.7. Thus, it appears likely that the in vivo terminations behind genes 0.3 and 0.7 are p-dependent as well. Darlix (10) also observed termination behind gene 1.0 in vitro in the presence of p. Our data (compare rates of synthesis of gene 1.0 and 1.3 mRNA, Table 3 ) agree with the idea of a weak termination (in the order of 10 to 30% efficiency) behind gene 1.0.
Functional and structural messenger halflives. Structural deactivation of messages and functional deactivation could be unrelated molecular events. This was pointed out in the S13-0X174 bacteriophage system -by Puga and co-workers (34) , for pL-promoted trp mRNA by Yamamoto and Imamoto (55) , and for mRNA for the genes of the lac operon of E. coli by Kennell and Bicknell (22) .
We have estimated the in vivo functional half-lives of the T7 early messages from the rates of gene-specific protein synthesis after rifampin inhibition of RNA synthesis. Functional half-lives obtained by this approach (Fig.  11 ) were consistently shorter (by 30%) than the observed physical half-lives. Thus it is possible that a functional inactivation step exists for the T7 mRNA's that does not involve readily observable changes in RNA size. Alternatively, a progressive reduction in translational utilization of T7 early mRNA's with increasing times after infection could have led to the same result.
We observe a greatly reduced rate of in vivo translation of the T7 mRNA remaining at late times after infection, which could be explained by functional inactivation of mRNA. However, Hopper et al. (20) have shown that the mRNA for genes 1.0 and 0.3, which is found at late times in wild-type infected cells, is functionally active for in vitro translation although its in vivo translation is markedly reduced.
Translational utilization of T7 early messages. The comparison of translational rates (measured in 1-min C-labeled amino acid pulses) and molar amounts of T7 mRNA's (based on continuous 3H uptake, integrated over 1-min intervals) at times of peak protein synthesis (Table 4) [15, 45, 46] ), the first cistron of the lac operon in E. coli (27) , and for a site that may be the T7 gene 0.3 ribosome-binding site (5 (46) . We expect that ribosome affinities to the five early mRNA's of T7 will be similar and that a common set of base sequences in the ribosome-binding sites will be found, especially since complementarity between sequences in ribosome-binding sites of mRNA and the 3' termini of 16S rRNA's appears to contribute to ribosome affinity to messengers (42) .
